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  I 
ABSTRACT 
Cerebrospinal fluid-contacting (CSF-c) cells are found lining the walls of the central canal 
and the ventricles throughout the vertebrate phylum, but their function has remained 
elusive. The aim here was to investigate the physiological role of CSF-c cells in the spinal 
cord and hypothalamus. We have identified two types of CSF-cells in the lamprey spinal 
cord located by the lateral part of the wall of the central canal, and that both send 
projections to the lateral margin of the spinal cord. Type 1 cells, with ciliated bulb-like 
protrusions into the central canal, co-express somatostatin and GABA, have neuronal 
properties and receive synaptic input. Type 2 cells, with flat endings in contact with the 
CSF, express taurine but not somatostatin or GABA and have passive membrane properties. 
They may constitute a form of radial glia (Paper I).  
The next important question, not yet addressed for CSF-c neurons (type 1), was 
which type of stimuli that may represent the physiological mode of activation. CSF-c 
neurons respond to graded mechanical stimulation provided by very brief fluid jets that 
elicit receptor potentials and at somewhat larger amplitude trigger action potentials (paper 
II).  However, the same cells also respond to small changes of the extracellular pH (Paper 
II, III). The responses to mechanical stimuli and to acidic pH are both mediated by ASIC3 
(an acid-sensing ion channel) present also in other sensory terminals, whereas the alkaline 
response is mediated by PKD2L1 channels. The activity of the individual spinal CSF-c 
neurons was markedly enhanced at both alkaline and acidic pH with a U-shaped discharge 
pattern and a minimum frequency around pH 7.4 (Paper II, III).  
A change of pH also affects the rate of activity in the locomotor network. Acidic 
as well as alkaline pH reduce the locomotor burst rate, and somatostatin applied 
extracellularly has a similar effect. Since CSF-c neurons are the only neurons that express 
somatostatin in the spinal cord, this allows for the possibility that they are responsible for 
the slowing of the locomotor activity induced by pH deviations. We could then show that 
the effect of pH changes on the locomotor network was indeed blocked by an antagonist of 
the somatostatin receptor sst2. The data thus indicate that the CSF-c neurons represent an 
intraspinal system for detecting any deviation of pH that can result from for instance a high 
level of neuronal activity, and the net effect will be to reduce the level of motor activity. 
As somatostatin-expressing CSF-c neurons are also found in the periventricular 
area of the hypothalamus, the next goal was to investigate whether these hypothalamic 
CSF-c neurons have similar properties as their spinal counterparts (paper IV). The 
hypothalamic CSF-c neurons also have bulb-like, ciliated protrusions into the CSF along 
the third ventricle and co-express GABA and somatostatin. They also respond to changes of 
the extracellular pH with a U-shaped response curve. As in their spinal counterparts, ASIC3 
mediates the response to acidic pH in hypothalamic CSF-c neurons. The alkaline response, 
however, does not appear to depend on PKD2L1 channels, since these channels are not 
expressed in hypothalamic CSF-c neurons, and thus must rely on an as yet unidentified 
channel (Paper IV). The hypothalamic CSF-c neurons ramify extensively in the 
hypothalamus and forebrain, and when activated they will cause a release of somatostatin in 
these areas presumably affecting circuits that control different aspects of behavior, thereby 
possibly counteracting a deviation in pH and thus contributing to homeostasis. 
Taken together, both spinal and hypothalamic CSF-c neurons serve as pH sensors, 
thereby providing a novel homeostatic module for the regulation of pH in the CNS, in 
addition to the regulation exerted by the respiratory and renal systems.  
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1. INTRODUCTION 
 
1.1 Cells in contact with the cerebrospinal fluid 
Cells that line the wall of the central canal and send processes to the spinal cord surface 
were described already by Ramon Y Cajal (1890) and Gustaf Retzius (1893; Kolmer, 1921; 
Agduhr, 1922; see also Reichenbach and Robinson, 1995). These cells were named 
Kolmer-Agduhr cells (Dale et al., 1987a). Based on morphological criteria, and specifically 
the presence of synaptic specializations and vesicles, as demonstrated by electron 
microscopy, Vigh considered these cells to be neurons, and termed them liquor-contacting 
or cerebrospinal fluid-contacting (CSF-c) neurons (Vigh et al., 1969; see Vigh and Vigh-
Teichmann, 1971). All vertebrates, from cyclostomes to mammals, have a system of CSF-c 
cells with similar morphological characteristics, but the average number of CSF-c cells is 
larger in cyclostomes than in mammals (Vigh et al., 1977, 2004). CSF-c cells are in contact 
with the CSF in the ventricles and central canal. However, the axons of CSF-c cells may 
also contact the CSF surrounding the brain and spinal cord. In most CSF-c cells a ciliated 
bulb-like protrusion extends into the brain ventricles or the central canal (Vigh and Vigh-
Teichmann, 1971; Paper I).  
CSF-c neurons in different species express several peptides or neurotransmitters 
including somatostatin (Wright 1986; Christenson et al., 1991) GABA (Christenson et al., 
1991; Villar-Cervino et al., 2008), serotonin (Hirunagi et al., 1992; Adrio et al., 1999), 
dopamine (Corio et al., 1992; Schotland et al., 1996), and enkephalin (Shimosegawa et al., 
1986).  
Apart from the CSF-c neuronal system there are additional cell types that are in 
contact with the CSF. In the turtle, a subgroup of CSF-c cells express glia markers and are 
suggested to represent radial glia (Trujillo-Cenoz et al., 2007), and with molecular 
characteristics of progenitor cells (Russo et al., 2004; Trujillo-Cenoz et al., 2007). 
Similarly, non-neuronal CSF-c cells have been observed in the lamprey. These cells express 
taurine, suggestive of them being tanycytes, and are located around the central canal and 
extend their processes to the dorsal, lateral and ventral margins of the spinal cord 
(Shupliakov et al., 1994). 
 
1.2 CSF-c cells in the spinal cord and different areas of the brain 
CSF-c neurons reside in several regions of the CNS. However, in all vertebrates the largest 
number of CSF-c neurons is located in the spinal cord and hypothalamic area.  
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1.2.1 Spinal cord  
The apical protrusions of spinal CSF-c cells are bulb-like with several cilia and a long 
kinocilium containing 9×2+2 microtubules, which is characteristic of a motile cilium (Vigh 
and Vigh-Teichmann, 1998; c.f. Paper I and II). The cilia of the bulb-like protrusions of 
CSF-c cells have been proposed to be in contact with Reissner’s fiber, a glycoprotein strand 
secreted by the subcommissural organ and extending from the fourth ventricle to the caudal 
part of spinal cord (Vigh et al., 1974; Rodriguez et al., 1992). The spinal CSF-c neurons 
send their processes to neighboring neurons within the same spinal segment or to rostrally 
or caudally located segments (Vigh and Vigh-Teichmann, 1998).  
 In the lamprey spinal cord, CSF-c neurons have a similar morphology as in other 
vertebrates. They can express GABA, somatostatin, dopamine, neurotensin and glycine 
(Brodin et al., 1990 a,b; Christenson et al., 1991; Schotland et al., 1996; Barreiro-Iglesias et 
al., 2008; Rodicio et al., 2008 ; Villar-Cervino et al., 2008). The GABA and somatostatin-
expressing CSF-c neurons send their axons laterally to the margin of the spinal cord, where 
the axon terminals form a plexus surrounding the mechanosensitive dendrites of the 
intraspinal stretch receptor neurons, the edge cells, and elicit IPSPs in these neurons 
(Christenson et al., 1991; Paper I). In the zebrafish spinal cord, GABAergic CSF-c neurons 
contact glutamatergic neurons of the locomotor network (Djenoune et al., 2014; Böhm et 
al., 2016). Also in the frog embryo spinal cord, GABAergic CSF-c neurons, termed 
Kolmer-Agduhr cells, have been described (Dale et al., 1987a,b). 
1.2.2 Brainstem 
Brainstem midline structures, like the dorsal raphe nucleus and the dorsal vagal complex, 
also contain CSF-c neurons (Wang & Nakai, 1994; Orts-Del´Immagine et al., 2012). Some 
serotonergic fibers from the raphe nuclei are in contact with the CSF (Parent and Northcutt, 
1982) and form synapses that terminate on the ventricular ependyma, or on CSF-c neurons 
(Vigh and Vigh-Teichmann, 1998). 
1.2.3 Hypothalamus 
CSF-c neurons are present in the hypothalamic area, including the preoptic, paraventricular, 
periventricular and magnocellular nuclei (see Vigh and Vigh-Teichmann, 1973). The 
somata of hypothalamic CSF-c neurons are located either close to or at a distance from the 
wall of the ventricle with apical, ciliated (9×2+0 microtubules) protrusions into the third 
ventricle. The axon terminals of hypothalamic CSF-c neurons form peptidergic endings in 
the median eminence and neurohypophysis in different species including guinea pig, rat, 
lizard and eel (Vigh-Teichmann and Vigh, 1979; Vigh and Vigh-Teichmann, 1998). 
Hypothalamic CSF-c neurons express, in addition to the peptides mentioned above, several 
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hormones including luteinizing hormone-releasing hormone (see Vigh-Teichmann and 
Vigh, 1983), thyrotropin-releasing hormone (Mimnagh et al., 1987), α-melanocyte 
stimulating hormone (Vallarino, 1987) and corticotropin-releasing factor (Gonzalez and 
Lederis, 1988). The possibility of a secretion into the ventricle has also been considered 
(Vigh and Vigh-Teichmann, 1973; Nakai et al., 1979). 
 
1.3 Control of homeostasis 
The major characteristic of the homeostatic control system is that it regulates the internal 
environment in order to maintain stable, relatively constant conditions. The hypothalamic 
area is vital for maintaining homeostasis. By producing essential hormones and other 
bioactive agents and modulators, the hypothalamus regulates crucial physiological 
functions including thermoregulation (Dimicco and Zaretsky, 2007), water balance (Ball, 
2007), circadian rhythm (Hofman and Swaab, 1993), regulation of food intake (Saper et al., 
2002; Broberger, 2005), sexual development (Donovan, 1974; Homburg et al., 1976), fight 
or freeze stress responses (Menzaghi et al., 1993), as well as sleep (Saper et al., 2005). A 
multitude of sensory and humoral signals provide input to the hypothalamus, which detects 
any deviation from normal conditions and then elicits appropriate responses to restore 
homeostasis. 
A main homeostatic control system is the regulation of the acid-base balance. An 
accurate control of pH is vital for all living organisms, and is regulated primarily through 
the respiratory system. Most of the enzymes that facilitate chemical reactions require 
normal physiological pH to be optimally active. It is therefore very important to maintain 
an appropriate intracellular as well as extracellular pH (Levin and Buck, 2015). Under 
normal conditions, the intracellular pH is slightly more acidic than the extracellular pH. 
Intracellular and extracellular buffers protect against changes in the systemic pH (Hamm et 
al., 2015). The major physiological buffer is CO2/HCO3− because of its capacity for 
independent regulation of HCO3− and PCO2 by the kidneys and lungs, respectively (Hamm 
et al., 2015). In the CNS, the CSF and its exchange with the interstitial fluid are important 
elements in the control of homeostasis (e.g. Pappenheimer et al., 1967; for review, see 
Matsumae et al., 2016), and also for clearing metabolites from the brain during sleep (Xie at 
al., 2013). It therefore seems likely that CSF-c neurons may play a key role in the control of 
brain homeostasis. 
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1.4 Mechanosensitivity 
All living organisms continuously receive mechanical stimuli and convert them to biological 
responses. In addition to the mechanical sensation of touch in the skin and hearing in the ear, 
animals have other mechanosensors, including baroreceptors, muscle spindles and several 
other types of proprioceptors (Kung, 2005). These mechanosensors express ion channels that 
act as mechanotransducers that transform the mechanical stimulus into an electrical signal 
(Delmas et al., 2011).  
1.4.1 Channels for mechanotransduction 
Degenerin/epithelial sodium channel (DEG/ENaCs) superfamily. The DEG/ENaCs family 
includes the amiloride-sensitive sodium channels. These channels are nonselective cation 
channels which, however, seem to have a preference for Na+ over Ca2+ and K+ ions (Garty 
and Palmer, 1997). Most of the members in this superfamily belong to the acid-sensing ion 
channels (ASICs; Lingueglia, 2007). These channels are H+-gated and are known to 
participate in a wide range of neuronal functions including mechanosensation (Price et al., 
2001; Delmas et al., 2011), nociception (Ugawa et al., 2002), sour-taste reception (Ugawa et 
al., 1998) and synaptic plasticity (Wemmie et al., 2002). The ASIC-family consists of at least 
four members, ASIC1, ASIC2, ASIC3 and ASIC4, which are expressed in both the CNS and 
PNS (Molliver et al., 2005; Lingueglia, 2007) but have also been detected in non-neuronal 
tissues including bone (ASIC1-3), testis and lung (human ASIC3; see Lingueglia, 2007). 
ASIC3 is highly expressed in sensory neurons in mammals as well as in mechanosensory 
structures in the skin including the Meissner corpuscles, Merkel nerve endings and free nerve 
endings (Price et al., 2001; Lin et al., 2016). Papers II – IV show that ASIC3 is engaged in 
CSF-c neurons. 
Transient receptor potential (TRP) channel superfamily. The members of this superfamily 
also belong to the non-selective cation channel class, although some are highly Ca2+ or even 
Mg2+ selective. They are involved in various types of sensory reception, including 
thermoreception, chemoreception, mechanoreception, and photoreception (Sukharev and 
Corey, 2004; Venkatachalam and Montell, 2007). In larval zebrafish, bending of the body 
activates PKD2L1 (polycystic kidney disease 2-like 1) channels, a member of the TRP 
channel family that is expressed in spinal CSF-c neurons (Böhm et al., 2016). 
Piezo proteins. The Piezo proteins were recently identified as mechanosensory ion channels. 
Vertebrates express two Piezo members, Piezo1 and Piezo2. Piezo1 is found in the lungs, 
bladder, kidney, colon and skin, whereas Piezo2 is highly expressed in dorsal root ganglion 
(DRG) neurons (Coste et al., 2010) and Merkel cells (Woo et al., 2014), suggesting that 
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Piezo2 has a potential role in somatosensory mechanotransduction (Coste et al., 2012; 
Bagriantsev et al., 2014). 
Two-pore-domain potassium (K2P) channel family. K2P channels are distinct members of the 
mammalian K+-channel superfamily (Enyedi and Czirjak, 2010). Some members of this 
family such as TRAAK, TREK1, and TREK2 are mechanosensitive ion channels (Brohawn, 
2015). TREK1 is expressed in sensory neurons and C-fiber nociceptors that sense pressure 
and heat (Medhurst et al., 2001). 
 
1.5 pH-sensitivity 
The brain is the most pH-sensitive organ in the body and a small deviation of the extracellular 
or intracellular pH may dramatically influence neuronal excitability (Ruusuvuori and Kaila, 
2014). In addition, neuronal activity will change the brain intracellular and extracellular pH in 
either the acidic or alkaline direction (Chesler and Kaila, 1992; Chesler, 2003). Repetitive 
neuronal activity leads to a lowering of the intracellular and extracellular pH via metabolic 
production of lactic acid, CO2 and H+ (see Chesler and Kaila, 1992; Magistretti and Allaman, 
2015). Under pathological conditions, as in cerebral ischaemia, hypoxia or epilepsy, a pH as 
low as 6.5 may occur, due to increased lactate levels during glycolysis (Rehncrona, 1985; 
Siesjö et al., 1985). The passive transport of CO2 and lactate/H+ by co-transport to the 
extracellular fluid contribute to acidifying the interstitial pH in the brain (Wemmie, 2011). 
Moreover, acidification may occur due to the release of acid from glial cells during 
depolarization (Chesler and Kraig, 1987). In some conditions, an increased blood flow in the 
brain can cause alkalosis as a result of changing the brain buffering system by rapid washout 
of carbon dioxide (Venton et al., 2003). In addition, in the vertebrate CNS, extracellular 
alkaline shifts may also be generated by the activation of GABAA receptors and their 
permeability to HCO3−, since the electrochemical gradient for HCO3− is outward (Chen and 
Chesler, 1990). 
  As the brain interstitial fluid communicates with the neuronal/glial intracellular fluid 
and the CSF (Abbott et al., 2010), it can be assumed that changes of the interstitial fluid pH 
may influence the pH of the CSF. In order to rapidly and efficiently detect deviations of the 
extracellular and intracellular pH, local, specialized sensors would be needed (Levin and 
Buck, 2015). 
1.5.1 Extracellular pH sensors  
1.5.1.1 Acid-sensing ion channels (ASICs). Proton-sensitive members of the ASICs family 
are commonly found in the CNS and activated by a decrease of the extracellular pH. All 
members of this family desensitize rapidly except ASIC3, which shows a sustained current 
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during a continuous decrease of the extracellular pH (Waldmann et al., 1997; Yagi et al., 
2006; Salinas et al., 2009). ASIC3 is activated at pH values between 6.7-7.3 and is expressed 
in sensory neurons of mammals. ASIC3 is also a mechanosensitive channel, and thus 
mediates multimodal sensory perception (Li and Xu, 2011). 
H+-sensing G protein-coupled receptors. These receptors are activated by decreases in the 
extracellular pH. They are involved in the pH responses of the respiratory system, and widely 
expressed in the lung, kidney, bone and nervous system (Ludwig et al., 2003). 
1.5.1.2 Alkaline-sensing ion channels 
The TRP channel superfamily. The TRP-polycystin (TRPP) channel family is sensitive to 
extracellular alkaline pH (Bushman et al., 2015). The PKD2L1 channel is a member of the 
TRPP family expressed in sour cells (Huang et al., 2006; Ishimaru et al., 2006) and CSF-c 
neurons (Huang et al., 2006; Djenoune et al., 2014). This channel was initially thought to be 
acid sensitive (Huang et al., 2006), but has recently been reported to detect increases of the 
extracellular pH (Shimizu et al., 2011; Chen et al., 2015; Orts-Del’lmmagine et al., 2016). 
PKD2L1 channel currents during increased extracellular pH are maximal at pH 8.0–9.0 but 
will decrease at pH 10.0 (Shimizu et al., 2011). Paper III depicts a role for PKD2L1 channels 
in spinal CSF-c neurons. 
Connexin hemichannels. This type of channel has been found in neurons and myocardiocytes 
(see Murayama and Maruyama, 2015), and sense alkaline pH close to or above 8.0 (Schalper 
et al., 2010). 
Insulin receptor-related receptor (IRR) channels. This channel is expressed in DRG neurons 
and is activated by an extracellular pH above 7.9 (Deyev et al., 2011).  
1.5.2 Intracellular pH sensors 
Intracellular pH is regulated by several ion carriers such as the cation/H+ exchanger and 
Na+/HCO3− and lactate/H+ co-transporters, which are responsible for the alkalinization in the 
cell (Casey et al., 2010; Levin and Buck, 2015).  
The Cl−/HCO3− anion exchangers and Ca2+/H+ ATPase turn the cytosol more acidic 
(Casey et al., 2010; Ruusuvuori and Kaila, 2014). In addition, diffusion of CO2 and NH3 
through the cell membrane regulates the intracellular pH. CO2 with water produce HCO3− and 
H+ that lowers the intracellular pH. NH3 and H+ inside the cell produce NH4+ and OH−, which 
increase the intracellular pH (see Murayama and Maruyama, 2015). 
1.6 Possible functions of CSF-c neurons 
Although CSF-c cells were described over a century ago, and despite their general 
appearance in several CNS regions in all vertebrates, the functional role(s) of CSF-c cells has 
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for a long time remained an enigma. All CSF-c neurons are ciliated and this has led to the 
hypothesis that CSF-c neurons may have a sensory function (Vigh and Vigh-Teichmann, 
1998). The spinal CSF-c neurons with a kinocilium in their apical process may be sensitive to 
pressure or flow of the CSF and act as mechanoreceptors. Another suggested function of 
CSF-c neurons is that they may act as osmoreceptors (Korf et al., 1982). CSF-c cells have 
also been hypothesized to serve as chemoreceptors sensing the composition (e.g. pH) of the 
CSF but no distinct conclusions have been reached. This thesis seeks to resolve this issue. 
 
1.7 The lamprey as a vertebrate model for motor control 
Lampreys belong to the phylogenetically oldest lineage of vertebrates, the cyclostomes, a 
class that lacks jaws (Fig. 1). The lamprey is an advantageous experimental model since its 
nervous system has comparatively few neurons and survives well under in vitro conditions, is 
semitransparent and suitable for imaging.  
 
 
 
 
 
 
Fig. 1 The river lamprey (Lampetra fluviatilis), a cyclostome. 
   
In the lamprey, the brainstem-spinal cord neuronal networks underlying the control 
of motor activity have been studied in great detail, including the intrinsic properties of the 
spinal central pattern generator (CPG) with excitatory/inhibitory interneurons, motoneurons 
and intraspinal stretch receptor neurons (Grillner et al, 1984; Grillner, 1985; Buchanan and 
Grillner, 1987; Grillner and Matsushima, 1991; Grillner et al., 1998). Furthermore, there is an 
evolutionarily conserved organization of all major motor control areas found in higher 
vertebrates, including the cortex/pallium, basal ganglia and the dopamine system (Grillner, 
2003; Robertson et al., 2012; Stephenson-Jones et al., 2011, 2012, 2013; Ericsson et al., 
2011; 2013a, b; Pérez-Férnandez et al., 2014; Ocaña et al., 2015).  
 The spinal CPG consists of glutamatergic excitatory premotor interneurons that 
generate the burst activity and commissural glycinergic inhibitory interneurons that generate 
left-right alternation (Fig. 2). Well-coordinated rhythmic locomotor activity can be generated 
by the CPG in isolation, in the absence of sensory or descending inputs. Such fictive 
locomotion can be induced in the in vitro spinal cord preparation by application of glutamate 
agonists or by electrical stimulation of reticulospinal axons (Wallén and Williams, 1984; 
  8 
Cangiano et al., 2012). However, under normal, intact conditions, the spinal cord networks 
will operate in concert with regulatory descending input as well as with modulatory sensory 
input, to produce the complete repertoire of well-adapted locomotor behaviors. 
1.7.1 Modulation of the locomotor network – the role of CSF-c cells and edge cells 
Edge cells are intraspinal stretch receptor neurons (Grillner et al., 1984) situated along the 
lateral edge of the lamprey spinal cord (Rovainen, 1974). They are activated by stretching of 
the spinal cord margin during locomotion (Grillner et al., 1982) as well as by excitatory 
inputs from the CPG networks during ipsilateral contraction (Vinay et al., 1996). There are 
two types of edge cells; glutamatergic edge cells with ipsilateral axons that activate ipsilateral 
motoneurons and interneurons, and those with contralateral axons, which are glycinergic and 
inhibit contralateral interneurons (Viana Di Prisco et al., 1990). During ongoing movement, 
the muscle activity on one side of the myotomal segment will start when the same side is 
maximally extended, which is also when the ipsilateral edge cells are maximally activated 
(Fig. 2). The edge cells mediate movement-related feedback during locomotion by providing 
additional excitation of the ipsilateral network neurons and inhibition on the contralateral side 
(Viana Di Prisco et al., 1990).  
Figure 2. The lamprey locomotor network. Schematic representation of the forebrain, brainstem and spinal 
cord components that generates rhythmic locomotor activity. The excitatory stretch receptor (SR-E) neurons 
excite ipsilateral neurons, and inhibitory stretch receptor (SR-I) neurons inhibit contralateral neurons. 
Reticulospinal (RS) neurons, diencephalic locomotor region (DLR), mesencephalic locomotor region (MLR), 
excitatory interneurons (E), inhibitory interneurons (I), motor neurons (M). (Modified from Grillner, 2003)  
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 The edge cells receive inhibitory input from GABA/somatostatin expressing CSF-c 
neurons (Brodin et al., 1990a; Christenson et al., 1991). These neurons are located laterally 
on either side of the central canal, project to the lateral margin of the spinal cord and form a 
GABA/somatostatin plexus surrounding the mechanosensitive dendrites of the edge cells 
(Christenson et al., 1991; see also Paper I). Electrical stimulation of the CSF-c neurons will 
hyperpolarize the edge cells through release of GABA and somatostatin which, however, act 
via different cellular mechanisms (Christenson et al., 1991). Thus, activation of the CSF-c 
neurons will reduce the sensitivity of the edge cell, which will indirectly influence the activity 
of the locomotor network (Viana Di Prisco et al., 1990; see also Hsu et al., 2013). 
  In larval zebrafish, it has recently been shown that GABAergic spinal CSF-c 
neurons target glutamatergic premotor interneurons (Fidelin et al., 2015) as well as 
motoneurons (Hubbard et al., 2016). Optogenetic activation of CSF-c neurons in larval 
zebrafish influenced the locomotor network (Wyart et al., 2009) by modulating the duration 
and frequency of the locomotor events (Fidelin et al., 2015). In addition, GABAergic 
PKD2L1 channel-expressing CSF-c neurons in the larval zebrafish are suggested to act as 
mechanoreceptors and to regulate locomotion by relaying mechanical stimuli to the spinal 
locomotor network (Böhm et al., 2016). 
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2. AIMS 
• To characterize the laterally projecting CSF-c cells in the spinal cord - their 
phenotypes and electrophysiological properties. 
• To study the functional role of CSF-c neurons - mechano- and pH-sensitivity.  
• To identify the ion channels that mediate mechano- and pH-sensitivity. 
• To examine the effects of pH changes on the spinal locomotor network. 
• To examine the properties of CSF-c neurons in the hypothalamus. 
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3. METHODS 
A number of different experimental procedures were utilized throughout these studies, 
including retrograde tracing, immunohistochemistry, electrophysiology, fictive swimming 
experiments, calcium imaging and in situ hybridization. Detailed descriptions of the methods 
and techniques used are given in the individual papers (I-IV). Here, a general overview of the 
techniques employed in order to approach the different aims of the thesis will be presented. 
 
3.1 Animals 
All experiments were performed on adult river lampreys (Lampetra fluviatilis) that were 
collected from the Ljusnan River, Hälsingland, Sweden. The experimental procedures were 
approved by the local ethical committee (Stockholm’s Norra Djurförsöksetiska Nämnd) and 
were in accordance with The Guide for the Care and Use of Laboratory Animals (National 
Institutes of Health, 1996 revision). Every effort was made to minimize animal suffering and 
to reduce the number of animals used. 
 
3.2 Characterization of CSF-c cells in the spinal cord and hypothalamus 
In order to identify and characterize laterally projecting CSF-c cells in the lamprey spinal 
cord and CSF-c neurons in the hypothalamus, the following techniques were used:  
3.2.1 Electrophysiological studies in vitro  
To examine the electrophysiological properties of spinal and hypothalamic CSF-c cells, patch 
clamp recordings were performed in the whole cell or cell-attached (on-cell) configuration, 
and in current or voltage clamp mode. Two different in vitro preparations were developed: 
a) Spinal cord preparation. To access the CSF-c cells in the spinal cord and enable patch 
recordings, the dorsal tissue above the central canal was removed using a vibratome (Fig. 
3A). 
b) Transverse slices from the hypothalamic area. Slices (300 µm thickness) of the rostral 
hypothalamic area were cut using a vibratome (Fig. 3B).  
The spinal cord and hypothalamus slices were continuously perfused during the 
experiments with HEPES-buffered physiological solution and artificial cerebrospinal fluid 
(aCSF), respectively. All recorded CSF-c cells were intracellularly labeled by Alexa Fluor 
488 hydrazide (50 µM) or Neurobiotin (0.3-0.5 %). The following drugs were added to the 
extracellular solution and applied by bath perfusion: the GABAA receptor antagonist 
gabazine, the NMDA receptor antagonist AP5, the AMPA receptor antagonist CNQX or 
NBQX, and tetrodotoxin (TTX). 
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Figure 3. In vitro spinal cord and hypothalamic preparations. A, Schematic drawing of the spinal cord 
preparation. To expose the CSF-c neurons, the dorsal tissue above the central canal was removed with a 
vibratome. B, Schematic drawing of the transverse slice preparation indicating the hypothalamic CSF-c neurons.  
 
3.2.2 Retrograde tracing  
To identify the CSF-c cells that project to the lateral margin of the spinal cord, retrograde 
neuronal tracers (Neurobiotin and dextran-amine conjugated to Alexa Fluor 488 (10 kD) or 
biotin (BDA)) were injected from a glass micropipette at the lateral edge of the isolated spinal 
cord in vitro (thickness approximately 250 µm), or at the lateral edge of the spinal cord of the 
intact animal in vivo (Fig. 4).  
 
Figure 4. Schematic illustration of a transverse section of the lamprey spinal cord with CSF-c neurons (green) 
and edge cells (blue), indicating the site of injection at the lateral edge. 
 
3.2.3 Immunohistochemistry  
In order to investigate the phenotype of CSF-c cells, immunohistochemical analysis was 
performed. In spinal CSF-c cells, the expression of GABA, somatostatin, α-tubulin and 
taurine was analyzed. In the hypothalamus, the CSF-c neurons were examined for the 
presence of GABA and somatostatin. The primary antibodies were applied overnight to 
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spinal cord or hypothalamic sections (10-20 µm thickness). The sections were subsequently 
incubated with secondary antibodies conjugated to a fluorophore.  
3.2.4 Calcium imaging  
To investigate whether spinal CSF-c cells could be activated antidromically by stimulating 
the lateral edge, CSF-c cells were retrogradely labeled by injection of the fluorescent 
calcium-indicator Oregon Green Bapta-1-dextran in the lateral margin (see above). A portion 
of intact spinal cord was then isolated and mounted on a confocal imaging system (Zeiss 
LSM 510 NLO). Live imaging was performed on areas comprising labeled CSF-c cells. 
 
3.3 Investigation of the functional role of CSF-c neurons 
To reveal the physiological role(s) of CSF-c cells in the spinal cord and hypothalamus, 
different experimental approaches were developed in order to investigate whether the cells 
would be mechanosensitive and/or chemosensitive. 
3.3.1 Mechanosensitivity of spinal CSF-c neurons 
 In order to study whether CSF-c neurons in the spinal cord are able to sense movements of 
the CSF, the following techniques were used: 
a) Electrophysiology - Applying fluid pulses. A ringer-filled micropipette placed close to the 
CSF-c cell´s bulb-like protrusion into the central canal was used to apply brief (10-80 ms) 
pressure pulses (5-20 psi) while performing patch recordings (Fig. 5A). Gabazine, AP5 and 
NBQX were added to block GABAergic and glutamatergic synaptic transmission. 
b) Calcium imaging - Applying bending movements to the spinal cord. We also investigated 
whether a more natural stimulus, like a bending movement of the spinal cord as will occur 
during active swimming, may activate the CSF-c neurons. Cells were retrogradely filled from 
the lateral margin with the fluorescent calcium-indicator Oregon Green Bapta-1-dextran (see 
above). The caudal part of the spinal cord was then moved laterally from a neutral position, 
while changes in calcium fluorescence in the labeled CSF-c neurons were recorded in the 
fixed rostral part (Fig. 5B).  
 
Figure 5. Test of the mechano-sensitivity of 
spinal CSF-c neurons. A, In an in vitro preparation 
of the lamprey spinal cord, the central canal (cc) 
lumen was exposed. A CSF-neuron was patched 
and a fluid pulse was applied by a Ringer-filled 
pipette, placed close to its bulb-like ending. B, 
Experimental setup for monitoring the response to 
lateral bending movements of the spinal cord. 
Calcium imaging was performed from dye-filled 
CSF-c neurons in the area indicated.  
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3.3.2 Chemosensitivity of spinal and hypothalamic CSF-c neurons  
To investigate whether CSF-c neurons in the spinal cord and the hypothalamic area may be 
sensitive to changes of the extracellular pH, patch clamp recordings were performed in cell-
attached or whole cell configuration (see above) while changing the pH of the extracellular 
solution in the acidic or alkaline direction. The extracellular pH was adjusted to various pH 
values (6.5-8.3) with HCl or NaOH. The extracellular Ringer solution under control 
conditions was kept at pH 7.4 (Rovainen, 1967; Wickelgren, 1977; Nikinmaa et al., 1986). 
The actual pH value in the brain and spinal cord can, however, vary somewhat under resting 
conditions as compared to at very high levels of activity, since lactate is used as fuel for 
neurons in the astrocyte-neuron shuttle (Magistretti and Allaman, 2015). In the lamprey 
brainstem, the pH value could be 0.3 pH units lower within the brain tissue as compared to 
the brainstem surface (Chesler, 1986); whether this would be so also in the thin spinal cord 
(250 µm) is unclear. In the experiments with patched cells, these were in direct contact with 
the Ringer solution. The pH can also vary to some degree with temperature, in some but not 
all lower vertebrate species (Heisler, 1986; Wang and Jackson, 2016).  
 
3.4 Identification of the ion channels underlying the mechanical and chemical (pH) 
sensitivity of CSF-c neurons  
To investigate the putative involvement of the two candidate ion channels, ASIC3 and 
PKD2L1, that might be mediating the mechanical and pH responses, we used the following 
techniques: 
3.4.1 Electrophysiology  
The selective ASIC3 antagonist, APETx2, was applied by bath perfusion during patch 
recording from CSF-c neurons while giving mechanical fluid pulse stimuli, or while altering 
the extracellular pH in both the acidic and alkaline direction. 
3.4.2 In situ hybridization 
Since a selective antagonist of PKD2L1 channels was not available, we examined whether 
these channels are present in somatostatin-expressing CSF-c neurons in the spinal cord and 
hypothalamus by performing in situ hybridization. DIG-labeled PKD2L1 channel RNA 
probes (lamprey, see Papers III-IV) coupled to horseradish peroxidase were prepared and 
hybridized to sections of the lamprey spinal cord and hypothalamus. The probe was 
visualized using TSA-Cy3 plus evaluation Kit (PerkinElmer). The sections were then 
incubated with a rat monoclonal anti-somatostatin antibody visualized with Alexa Fluor 488-
conjugated donkey anti-rat IgG to detect any co-localization of the PKD2L1 channel and 
somatostatin in the same CSF-c neurons. 
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3.5 Examination of the effects of pH deviations on the spinal locomotor network and the 
involvement of CSF-c neurons  
In order to investigate the effects of acidic or alkaline pH on the locomotor network, we 
performed ventral root recordings from the intact spinal cord-notochord in vitro preparation 
during fictive swimming induced by addition of NMDA to the physiological solution (Fig. 6). 
The motor activity was monitored by the use of glass suction electrodes positioned on two 
opposite ventral roots while changing the extracellular pH in either the acidic (pH 6.5-7.1) or 
alkaline (pH 7.7-8.3) direction. In addition, the influence of somatostatin release on the 
locomotor burst frequency was analyzed using a somatostatin sst2 receptor antagonist, while 
changing the pH of the extracellular solution.  
 
Figure 6. A, Illustration of arrangement for ventral root recordings with suction electrodes in the intact, isolated 
spinal cord preparation (VR-L, VR-R, left and right side ventral root, respectively). B, Bilateral ventral root 
recording during NMDA (100 µM)-induced fictive locomotion in the isolated spinal cord. 
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4. RESULTS AND DISCUSSION 
4.1 Two types of CSF-c cells in the lamprey spinal cord 
4.1.1 Morphology and phenotype (Paper I) 
Two different types of laterally located CSF-c cells were identified by retrograde tracing from 
the lateral margin of the spinal cord. One subtype, that we refer to as type 1 cells, has bulb-
like protrusions into the central canal and a pear-shaped soma. The other subtype, referred to 
as type 2 cells, has a flat ending contacting the CSF. Type 2 cells have a smaller soma size 
and are located further from the central canal compared to type 1 cells (Fig. 7A, B). Both 
types of cells send their processes to the lateral edge of the spinal cord to form a plexus 
around the edge cells. It has previously been shown that laterally projecting spinal CSF-c 
cells express GABA and somatostatin (Christenson et al., 1991). We could, however, show 
that this only applies to the type 1 cells (Fig. 7C-E). The type 2 cells expressed taurine and 
may represent some form of glia cells (Shupliakov et al., 1994). In the turtle, CSF-c cells 
expressing glia cell markers were identified as radial glia (Russo et al., 2004; Trujillo-Cenoz 
et al., 2007). 
 
 
 
 
 
 
 
 
 
 
Figure 7. Two different subpopulations of CSF-c cells identified by retrograde tracing. A, Type 1 cells with 
a bulb-like apical ending. B, Type 2 cells with a long apical process with a flat ending. C, Type 1 and type 2 
CSF-c cells retrogradely labeled with Alexa Fluor 488-dextran. Type 1 cells expressed somatostatin, whereas 
type 2 cells did not. D, A transverse section of the spinal cord showing type 1 cells co-expressing GABA and 
somatostatin. E, A type 1 CSF-c cell retrogradely labeled by Neurobiotin, expressing GABA. Scale bars, A-C, E: 
10 µm, D: 20 µm. 
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4.1.2 Electrophysiological properties of neuronal and non-neuronal CSF-c cells (Paper I, 
II)   
Whole-cell patch recordings from type 1 and type 2 cells, showed additional differences 
between these two cell types. Type 1 cells showed spontaneous sodium-mediated action 
potentials as well as spontaneous GABAergic and glutamatergic postsynaptic potentials (Fig. 
8A). Depolarizing voltage steps in voltage clamp mode produced inward currents that were 
followed by an outward current, and a nonlinear I-V relation was found for type 1 cells (Fig. 
8B). Type 2 cells on the other hand did not fire action potentials and depolarizing voltage 
steps did not elicit any active inward or outward currents, as demonstrated by a linear I-V 
curve (Fig. 8C). 
Figure 8. Electrophysiological properties of 
type 1 and type 2 CSF-c cells. A, A type 1 
cell (CSF-c neuron) showing spontaneous 
sodium-dependent action potentials that were 
blocked by TTX (1.5 µM), as well as 
spontaneous GABA-and glutamate-mediated 
postsynaptic potentials that were blocked by 
gabazine (20 µM), NBQX (40 µM) and AP5 
(100 µM), respectively.  I-V curve, showing a 
nonlinear current-voltage relation in type 1 
cells (B) and a linear current-voltage relation 
in type 2 cells (C). 
  
Based on morphology, phenotype and electrophysiological properties, we could thus 
identify two different types of laterally projecting CSF-c cells in the lamprey spinal cord. 
Type 1 cells are neurons, similar to what has been found in other vertebrates (Russo et al., 
2004; Marichal et al., 2009; Orts-Del’Immagine et al., 2012), whereas type 2 CSF-c cells did 
not show any neuronal properties. Since type 1 cells extend their processes to the lateral 
margin through the gray matter, they may provide synaptic input to neurons in the locomotor 
network, which has been observed in larval zebrafish (Fidelin et al., 2015; Hubbard et al., 
2016). Moreover, release of both GABA and somatostatin from type 1 CSF-c cells will 
hyperpolarize the edge cells (Christenson et al., 1991; Vinay et al., 1996). As the edge cells 
provide movement-related feedback to the locomotor network (Grillner et al., 1981, 1984; 
Viana Di Prisco et al 1990; see Grillner, 2003), activation of type 1 CSF-c cells may thus 
influence this feedback by reducing the sensitivity of the edge cells. 
 
4.2 CSF-c neurons as mechanosensors 
CSF-c neurons have been hypothesized to serve as mechanoreceptors (Kolmer, 1921; Vigh 
and Vigh-Teichmann, 1998; Böhm et al., 2016). Their bulb-like protrusions into the CSF are 
ciliated, a characteristic feature of sensory neurons (Fig. 9A). The cilia of CSF-c neurons may 
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thus sense the CSF movements within the central canal. Here, using two complementary 
experimental approaches, we show that CSF-c neurons in the lamprey spinal cord are 
mechanosensitive and may sense movements of the CSF during swimming (Paper I-II). 
4.2.1 CSF-c neurons are sensitive to fluid movements (Paper II)  
A brief fluid jet pulse applied along the exposed central canal cavity and close to the ciliated 
bulb-like protrusion of the CSF-c neurons evoked receptor- or action potential responses (Fig. 
9B). To exclude the possibility of indirect effects via synaptic interactions, the experiments 
were done in the presence of GABA- and glutamate receptor blockers and also TTX. Thus, 
direct mechanical activation of the CSF-c neurons underlies the responses. To identify which 
ion channel might be responsible for the mechanosensitivity of the CSF-c neurons, the 
involvement of ASIC3 was investigated. ASIC3 is present in sensory neurons (Molliver et al., 
2005), and has been shown to function as mechanotransducers (Price et al., 2001; Li and Xu, 
2011; Lin et al., 2016). To investigate whether ASIC3 could mediate the mechanosensitivity 
of CSF-c neurons, APETx2, a specific blocker for ASIC3 was used. In the presence of 
APETx2, the mechanical response of the CSF-c neurons was eliminated (Fig. 9C). Thus, the 
mechanosensitivity of spinal CSF-c neurons in the lamprey appears to be mediated by 
ASIC3. In the larval zebrafish spinal cord, there is evidence that PKD2L1 channels may act 
as mechanosensors, since mutant larval zebrafish lacking PKD2L1 channels lose their 
response to bending movement of the spinal cord (Böhm et al., 2016). PKD2L1 channels are 
also expressed in the same individual CSF-c neuron in the lamprey spinal cord; however, 
these channels do not seem to contribute to the mechanical response in this case. 
Figure 9. Ciliated CSF-c neurons are sensitive to fluid movements. A, A CSF-c neuron retrogradely labeled 
by injection of biotinylated dextran amine (BDA) has a cilium expressing α−tubulin. B, Fluid-pulses (80 ms 
duration), 10-15 psi, elicited subthreshold receptor potentials of increasing amplitude, while a 20 psi pulse 
triggered an action potential in the presence of GABA and glutamate receptor antagonists. C, Application of a 
specific ASIC3 blocker, APETx2, blocked the response to the fluid pulses. Scale bar in A, 10 µm. 
 
4.2.2 An imposed bending movement of the spinal cord activates CSF-c neurons (Paper II) 
CSF-c neurons are thus mechanosensitive and are likely to respond to movements of the CSF. 
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During actual, undulatory swimming movements, with lateral bending of the spinal cord, the 
CSF will most likely also move within the central canal. We therefore examined whether 
these neurons would respond to an imposed bending movement of the spinal cord, as will 
occur during active swimming. CSF-c neurons were retrogradely labeled with a fluorescent 
calcium-indicator from the lateral margin, and the isolated spinal cord was mounted on a live-
imaging microscope system. The part containing labeled neurons was pinned down while the 
caudal part was left free to be moved sideways. All CSF-c neurons that were imaged showed 
increased fluorescence intensity during bending of the spinal cord. Thus, also a lateral 
bending movement of the spinal cord, as occurs during swimming, will mechanically activate 
CSF-c neurons. During active locomotor movements the CSF-c neurons of the spinal cord 
would therefore be expected to provide negative feedback and limit the activity of the CPG 
network, indirectly via lowering of the sensitivity of the edge cells but presumably also 
directly through an inhibitory action on the network itself. 
 
4.3 The spinal cord has an intrinsic system for the control of pH 
4.3.1 CSF-c neurons are sensitive to acidic extracellular pH (Paper II)  
We have shown that the mechanosensitivity of the somatostatin-expressing CSF-c neurons is 
mediated by ASIC3, a member of the acid sensing ion channel (ASICs) family, which is 
activated by protons upon a modest decrease of the extracellular pH (Molliver et al., 2005; 
Holzer, 2009). To investigate whether CSF-c neurons also act as pH sensors, the neurons 
were exposed to extracellular acidic pH (7.1, 6.9 or 6.5), while performing patch recordings. 
Acidic pH resulted in a significant increase of the frequency of spontaneous action potentials 
(Fig. 10A, B). In addition, a net depolarization of the resting membrane potential of around 5 
mV was observed upon exposure to acidic pH. Thus, CSF-c neurons also serve as acid 
sensors, being able to detect even a modest lowering of pH. To examine if the acid sensitivity 
of the CSF-c neurons also depends on ASIC3, the specific blocker APETx2 was applied. 
Following application of APETx2, the response to acidic pH was eliminated (Fig. 10C-E), 
suggesting that ASIC3 mediates a chemosensory response to extracellular acidification in 
addition to the mechanosensory response. In voltage clamp recordings, we observed discrete 
inward current events at low pH, presumably corresponding to single-channel openings 
generated by the activation of ASIC3 (Fig. 10F). We can thus conclude that in spinal CSF-c 
neurons, ASIC3 is involved in multimodal sensory signaling (see Li and Xu, 2011).  
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Figure 10. CSF-c neurons are sensitive to acidic pH. A, CSF-c neuron showing spontaneous action potentials 
at pH 7.4 in the presence of GABA and glutamate blockers. B, The frequency of action potentials increased in 
the same cell at pH 6.9. C and D, APETx2 abolished the response to acidic pH. E, Firing of CSF-c neurons 
before and after application of APETx2. F, At pH 6.5 unitary current deflections were recorded, presumably 
corresponding to single-channel openings. The data in E are represented as means ± s.e.m; student’s t-test: *** 
p<0.001 significant difference compared with control (pH 7.4).  
 
4.3.2 CSF-c neurons are sensitive to alkaline extracellular pH (Paper III)  
To investigate whether the spinal CSF-c neurons would also respond to alkaline extracellular 
pH, solutions with higher pH (7.7-8.3) were bath applied while performing whole cell 
recordings from CSF-c neurons. With alkaline pH, as with acidic pH, inward currents events 
occurred (up to 20 mV; Fig. 11A). To investigate whether the alkaline sensitivity of CSF-c 
neurons also depends on ASIC3, the APETx2 blocker was applied. In the presence of this 
blocker, inward currents remained during application of the alkaline pH, whereas the current 
responses to acidic pH were abolished (Fig. 11B, C). As the alkaline response is not mediated 
by ASIC3, another channel must be involved. A candidate channel sensing alkaline pH is the 
PKD2L1 channel (Shimizu et al., 2011; Chen et al., 2015; Orts-Del’lmmagine et al., 2016). 
As no specific blocker of the PKD2L1 channels is available, we instead examined the 
expression of PKD2L1 channels in CSF-c neurons by in situ hybridization. The somatostatin-
positive CSF-c neurons co-expressed PKD2L1 channels (Fig. 11D). In addition, the current 
responses to alkaline pH had a reversal potential around 0 mV, a characteristic of this channel 
(Hanaoka et al., 2000; Ishimaru et al., 2006; Inada et al., 2008).  
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Figure 11. CSF-c neurons are sensitive to alkaline pH. A, Acidic and alkaline pH induces inward current 
events in CSF-c neurons in the same cell in the presence of GABA and glutamate blocker and TTX. B, 
Application of APETx2 only blocked the response to acidic pH. C, Both acidic and alkaline pH increased the 
mean frequency of events. APETx2 blocked the acidic response. D, In situ hybridization confocal image 
showing the laterally located CSF-c neurons co-expressing PKD2L1 channels and somatostatin (arrows). The 
data in C are represented as means ± s.e.m; student’s t-test: *** p<0.001 significant difference compared with 
control (pH 7.4). Scale bar, 10 µm. 
 
4.3.3 Individual CSF-c neurons respond to small deviations in pH (Paper III)  
We performed on-cell patch recordings of CSF-c neurons to exclude any interference with 
the cell’s interior, while applying alkaline as well as acidic extracellular solutions (range 6.5-
8.3). The spontaneous activity of the neuron increased markedly in both alkaline and acidic 
pH compared to pH 7.4 (Fig. 12A). Taken together, these results show that the same 
somatostatin-expressing CSF-c neuron responds to small deviations of pH in the acidic as 
well as the alkaline direction, mediated by ASIC3 and PKD2L1 channels, respectively. This 
unique pH-sensitivity of the CSF-c neurons is characterized by a U-shaped response pattern 
(Fig. 12B). 
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Figure 12. CSF-c neurons respond to small deviations in pH. A, Cell-attached recording of a CSF-c neuron 
responding with an increase of action potential frequency to both acidic and alkaline pH. B, Mean action 
potential frequency during 1 min for each pH condition and normalized to the value at 7.4 (% of control). 
 
4.4 The influence of CSF-c neuron activity on the spinal locomotor network 
4.4.1 Acidic and alkaline pH reduce the locomotor rhythm (Paper II, III)  
The laterally projecting CSF-c neurons may indirectly modulate the locomotor network via 
the stretch receptor neurons (Christenson et al., 1991). However, the axons of CSF-c neurons 
ramify in the gray matter and may thus also directly influence the locomotor network. To 
explore this, we utilized the fact that CSF-c neurons are activated by small deviations in 
extracellular pH, and therefore examined the effects of pH changes on the network by 
performing ventral root recordings in the isolated spinal cord during fictive locomotion. 
Under these conditions, in the absence of movement, the indirect influence via stretch 
receptor neurons should be insignificant (cf. Vinay et al., 1996). Acidic as well as alkaline 
extracellular pH caused a significant reduction of the locomotor burst frequency (Fig. 13 A, 
B). Since ASIC3 mediates the acidic pH response in CSF-c neurons, we applied APETx2 
during fictive locomotion.  APETx2 abolished the effect of acidic pH on locomotion, but did 
not influence the effect of alkaline pH (Fig. 13C, D). These results thus indicate that the 
depressing effects of acidic and alkaline extracellular pH on the locomotor network could be 
mediated by CSF-c neurons, and that the effect of acidification depends on ASIC3.  
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Figure 13. Changes of pH reduce the locomotor rhythm. A and B, Bilateral ventral root recordings during 
NMDA (100 µM)-induced fictive locomotion during control conditions (pH 7.4), acidic (pH6.9) and alkaline 
(pH 7.9) pH. C, Application of APETx2 blocked the effect of acidic pH on the cycle period (mean values 
calculated for 20 cycles during each condition). D, Alkaline pH significantly prolonged the cycle period. 
APETx2 did not block this effect. The data are represented as means ± s.d. (in C), ± s.e.m (in D); student’s t-test: 
*** p<0.001, ** p<0.01 significant difference compared with control; NS: non-significant. 
 
4.4.2 The reduction of the locomotor rhythm by acidic and alkaline pH is mediated by 
somatostatin release (Paper II, III)  
A possible mediator of the effects from somatostatin-expressing CSF-c neurons on the 
locomotor network could be a release of somatostatin, particularly since an application of 
somatostatin to the bath has a similar effect on the locomotor activity as that of pH changes - 
a lowering of the burst frequency. However, changing the extracellular pH could, in principle, 
influence the locomotor network also via other mechanisms than through the activation of 
CSF-c neurons. To test if CSF-c neuron activation is sufficient to account for the network 
effects, we investigated the involvement of somatostatin release. The laterally projecting 
CSF-c neurons are the only cells in the lamprey spinal cord that express somatostatin. The 
somatostatin sst2 receptor is widely expressed in the CNS (Schindler et al., 1997), and when 
its antagonist CYN-154806 was applied during fictive locomotion, the depressing effects of 
acidic and alkaline pH were both abolished (Fig. 14). Thus, the pH effects on the locomotor 
network do indeed seem to be mediated by CSF-c neurons via a release of somatostatin. 
Furthermore, the application of the somatostatin antagonist by itself caused an increase in 
locomotor burst frequency (Fig. 14), suggesting a tonic release of somatostatin from CSF-c 
neurons during fictive locomotion. Both somatostatin and GABA have a depressing effect on 
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locomotor activity (Paper II; Tegnér et al., 1993; Schmitt et al., 2004), however, the present 
results show that somatostatin released from CSF-c neurons is sufficient to explain the effects 
of pH deviations on the locomotor network.  
Figure 14. Somatostatin reduces the locomotor rhythm. A and B, Application of the somatostatin sst2 
receptor antagonist CYN-154806 lead to a shortening of the period length at control conditions (pH 7.4). In the 
presence of CYN-154806, acidic as well as alkaline pH had no effect on the cycle period. The data are 
represented as means ± s.e.m; student’s t-test: *** p<0.001, significant difference compared with control. 
 
To conclude, the same somatostatin-expressing CSF-c neuron expresses acid-
sensing (ASIC3) and alkaline-sensing (PKD2L1) channels, and both of these channel types 
can increase the discharge rate of the neuron. This results in a U-shaped activity profile 
versus pH, with the minimum at pH 7.4. At a high level of activity the spinal cord itself will 
generate lactate via the glia-neuron lactate shuttle (Zeng and Xu, 2012; Magistretti and 
Allaman, 2015) that will lower the pH, and the resulting reduction of activity will clearly help 
counteracting the acidosis, to which also the circulation may contribute as during a metabolic 
acidosis. A decreased motor activity will have the additional beneficial effect to reduce 
muscle activity, another major source of lactate. If instead alkalosis occurs, motor activity 
should also be reduced since alkaline pH can result in muscle spasms and neuronal 
dysfunction. In addition, the body undulations during active locomotion will lead to 
movements of the CSF and increased activity of CSF-c neurons due to their 
mechanosensitivity, which will further reduce the activity of the locomotor network. 
 
4.5 Hypothalamic CSF-c neurons sense pH changes  
In all vertebrates, the largest number of CSF-c neurons is found in the spinal cord and 
hypothalamus. Given that hypothalamus plays an important role in homeostasis, with the pH 
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balance being a major component, we examined if hypothalamic CSF-c cells may also act as 
pH sensors.  
4.5.1 Morphology, phenotype and neuronal properties (Paper IV)  
Like in the spinal CSF-c neurons, somatostatin and GABA is co-expressed in a subpopulation 
of hypothalamic CSF-c neurons, although in some cells only GABA-immunoreactivity was 
seen (Fig. 15A-B). These neurons have a ciliated bulb-like ending that protrudes into the third 
ventricle (Fig. 15C) and their axons branch and extend laterally, dorsally and ventrally (Fig. 
15D).  
Figure 15. Ciliated CSF-c neurons in the hypothalamus co-express GABA and somatostatin. A, 
Photomicrograph of somatostatin-immunopositive CSF-c neurons in the hypothalamus (arrows). B, Somatostatin 
and GABA are co-localized in hypothalamic CSF-c neurons (arrows). Some of the CSF-c neurons only express 
GABA (arrowhead). C, Confocal image of a somatostatin-expressing hypothalamic CSF-c neuron with a 
α−tubulin-immunoreactive cilium. D, Illustration of a reconstructed intracellularly labeled hypothalamic CSF-c 
neuron with a bulb-like protrusion into the ventricle and axonal branches extending dorsally, laterally and 
ventrally. Scale bars, A: 200 µm, B: 20 µm, C: 5 µm. 
 
In the lamprey brain, the main source of somatostatin is the periventricular area of 
the hypothalamus, and somatostatin-expressing CSF-c neurons are highly concentrated in this 
area (Wright, 1986; Yanez et al., 1992). Somatostatin is one of the peptides released by the 
hypothalamus and it serves different functions (Brazeau et al., 1973; Liguz-Lecznar et al., 
2016). Except in regions receiving primary sensory input, somatostatin-expressing fibers and 
terminals are found in most areas of the brain, including a dense innervation of motor-related 
areas. This suggests that activation of hypothalamic CSF-c neurons might suppress motor 
activity by a release of somatostatin.  
The hypothalamic CSF-c neurons had a much lower input resistance as compared to 
the spinal CSF-c neurons and were not spontaneously active. However, spiking was readily 
evoked in response to depolarizing current injection. The hypothalamic CSF-c neurons 
showed spontaneous GABAergic and glutamatergic postsynaptic potentials, similar to spinal 
CSF-c neurons. 
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4.5.2 Hypothalamic CSF-c neurons expressing somatostatin respond to pH deviations 
(Paper IV) 
We have shown that somatostatin-expressing neurons in the spinal cord act as pH sensors. 
Here, we examined whether hypothalamic CSF-c neurons also have the ability to sense pH 
changes. Application of acidic (pH 6.5, 6.8, 7.1) or alkaline (pH 7.7, 8.0, 8.3) solution in the 
presence of GABA and glutamate blockers, resulted in depolarization of the membrane 
potential by 10-12 mV, followed by a sustained discharge of action potentials (Fig. 16 A). 
This pH sensitivity was only seen in CSF-c neurons expressing somatostatin. The individual 
hypothalamic CSF-c neuron responded with membrane potential depolarization in a graded 
manner to small deviations in pH, resulting in a U-shaped response pattern (Fig. 16B). 
To investigate whether the pH-sensitivity of hypothalamic CSF-c neurons involved 
ASIC3, APETx2 was applied. Like in spinal CSF-c neurons, APETx2 abolished the response 
to acidic pH but the alkaline response remained (Fig. 16C).  It has been shown that ASIC3 is 
widely distributed throughout the hypothalamus, and mainly in the paraventricular nucleus 
(Wang et al., 2007; Meng et al., 2009). For the alkaline response, the PKD2L1 channel was 
one of our candidates since it mediates the alkaline response in spinal CSF-c neurons. To 
investigate whether PKD2L1 channels are expressed in hypothalamic CSF-c neurons, in situ 
hybridization was performed. No such expression was found, however, suggesting that 
another unidentified channel is responsible. Other alkaline pH sensors have been described in 
the vertebrate brain, including the insulin receptor-related receptor, connexin hemichannels 
and two-pore-domain potassium channels (for review see Murayama and Maruyama, 2015). 
Hypothalamic CSF-c neurons may sense alkaline pH via one of these channels. 
 
Figure 16.  Hypothalamic 
CSF-c neurons are 
sensitive to both acidic and 
alkaline pH. A, Acidic (6.5) 
as well as alkaline (8) 
extracellular pH (gray areas) 
depolarized the membrane 
potential (10-12 mV) and 
triggered action potentials. 
B, Mean membrane potential 
changes (± s.d.) in hypotha- 
lamic CSF-c neurons for 
each pH condition (6.5, 6.8, 
7.1, 7.4, 7.7, 8.0, 8.3). C, 
Application of APETx2 (1 
µM) abolished the response 
to acidic pH but no to 
alkaline pH in the same cell. 
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 Taken together, hypothalamic somatostatin-expressing CSF-c neurons may act as 
pH sensors, similar to spinal CSF-c neurons. They sense any pH deviation of the CSF in the 
third ventricle and respond by depolarization of the membrane potential followed by firing of 
action potentials. The acidic response is mediated by ASIC3 while the alkaline response is 
mediated via an as yet unidentified channel. Activation of hypothalamic CSF-c neurons in 
response to a deviation of CSF pH would cause release of somatostatin in different brain 
areas, perhaps particularly in motor-related areas such as the output layer of the optic tectum 
and the reticulospinal nuclei, which would reduce their activity. In general, a reduction of 
activity levels in hypothalamic circuits controlling different aspects of behavior may serve to 
counteract deviations in pH, thus contributing to homeostasis. 
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5. CONCLUDING REMARKS 
The presence of cells contacting the CSF is a conserved feature in all vertebrates, with CSF-c 
cells mainly located in the spinal cord and hypothalamic area. These cells were described 
over a century ago but their function has remained elusive for a long time; however, more 
recently attempts have been made to unravel their physiological role (Christenson et al., 
1991; Huang et al., 2006; Wyart et al., 2009; Fidelin et al., 2015; Böhm et al., 2016). CSF-c 
cells have been hypothesized to act both as mechanoreceptors and as chemoreceptors but no 
distinct conclusions were reached. We now show that the spinal CSF-c neurons indeed sense 
changes in the extracellular pH, but also serve as mechanoreceptors. 
 A key finding of this thesis is that one of the main cell types of CSF-c cells in the 
spinal cord and hypothalamus have neuronal, active membrane properties with spike-
generating capacity, and also glutamatergic and GABAergic synaptic input. The 
somatostatin/GABA-expressing CSF-c neurons in the lamprey spinal cord and hypothalamus 
are sensitive even to minor changes in pH in both the alkaline and acid direction from a pH 
around 7.4 (Fig. 17A; gray curve). In spinal CSF-c neurons, the responses to acidic and 
alkaline pH are mediated by ASIC3 and PKD2L1 channels, respectively (Fig. 17B), while in 
hypothalamic neurons ASIC3 and an as yet unidentified channel type are involved. This 
makes CSF-c neurons a very sensitive system capable of detecting modest, bidirectional 
deviations of pH within the spinal cord and hypothalamus. 
 The rhythmic activity of the spinal locomotor network is reduced by both slight 
acidification and alkalization; effects that also result from bath-applied somatostatin. With the 
CSF-c neurons being the only cell type in the lamprey spinal cord expressing somatostatin, 
one may conclude that the pH effect on the locomotor network is mediated by the activation 
of CSF-c neurons (Fig. 17A; black curve), given that the effects of changing the pH are 
blocked by a somatostatin receptor (sst2) antagonist. Thus, the CSF-c neurons exert a direct, 
inhibitory influence on the network, in addition to an indirect one via the effects on edge cells 
(Fig. 17B).  
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Figure 17. A, Small deviations from pH 7.4 reduce the locomotor burst rate (black curve), with a clear decrease 
at both acidic and alkaline pH. Gray curve indicates the effect of pH on CSF-c neuron firing. B, Deviations from 
pH 7.4 activate ASIC3 and PKD2L1 in CSF-c neurons, suppressing activity of the spinal locomotor network 
directly. 
 
 The hypothalamic CSF-c neurons have extensive axonal ramifications in the 
forebrain and may modulate neural activity via release of somatostatin in motor-related areas, 
thereby decreasing the level of motor activity. Taken together, both the spinal and 
hypothalamic CSF-c neurons represent a novel homeostatic mechanism, designed to sense 
any deviation from physiological pH and to respond by causing a depression of neuronal 
activity. They act as pH sensors through contacting the CSF in the central canal and third 
ventricle respectively, and thus constitute a feedback regulatory system, intrinsic to the CNS, 
possibly serving a protective role by counteracting excess neural activity and thereby limiting 
potential damage caused by deviations in pH. 
 
 
 
  
  30 
6. ACKNOWLEDGEMENTS 
 
I would like to thank all the people, who have helped me through these years. In particular, I would 
like to express my appreciation to: 
 
Sten Grillner, my supervisor and mentor, for your guidance throughout this PhD project. It was an 
honour and a privilege to work in your lab. Your passion for science and your deep knowledge greatly 
inspired me.  Thank you so much. 
 
Brita Robertson, my co-supervisor, for your all guidance and help. I would like to thank you for 
always having time. You are a great teacher with the patience needed for teaching anatomy to 
everyone in the lab. I will never forget your support. 
 
Peter Wallén, my co-supervisor, for your knowledge, creativity and your meticulousness, which I 
benefited greatly from. For always being kind and finding time. Thank you for everything. 
 
Russell Hill, my co-supervisor, for showing me the first steps of this project. Thank you for all the 
technical help and for always being friendly. 
 
Iris Sylvander, for always being so nice and supporting. Thanks for all the birthdays’ presents and 
cards to my son and me. I really miss those days you were here, the mother of the lab. 
 
Gilad Silberberg, You are a great researcher with brilliant ideas coupled with kindness and 
compassion. Thanks for your care and friendship, Gilli. 
 
Abdel El Manira, for your kindness and support. I admire your talent, intelligence, and confidence. 
Thanks for great discussions in our lunch seminars and your comments on my manuscripts. 
 
Ole Kiehn lab; Thank you Ole for being always nice to me, from reading my manuscripts to 
supporting my in situ experiments in your lab. Thank you, Peter Löw for always being friendly and 
helpful. You know to help even when not asked. Vanessa and Lotta, Thank you for your magic in situ! 
 
Boris Zhivotovsky, my official mentor; you were the first person who welcomed me to Karolinska 
Institutet. Thank you so much!  
 
Tania Deliagina, for your encouragement and enthusiasm. Your advices have been truly valuable to 
me. 
 
Hervé Tostivint my co-author, Thank you for preparing the lamprey PKD2L1 channel probe. 
 
To the all lab members, Shreyas, Juan, Andreas, Daichi, Liang and Therese. Thank you for making 
such a nice and friendly atmosphere. My dear office mates, past and present, Li-Ju, Jesper, Ebba, 
Carolina, Kai and Shreyas, it was pleasure to share time and space with you. My special thanks to 
Ebba, for all the great time we had and the best gift ever to my son, made by you! Carolina, Thanks 
for all the technical help and advice. Shreyas thanks again, for correcting my English text and all the 
laughing in our office at 30 degrees!! 
 
My Thanks to my KI friends, for so many lunches and coffees in our coffee table and all the nice 
conversations. My great friends from past to present, Kim, Jessica, Emma, Sabine, Gayane, Natalie, 
Lorenza, Ramon, Ming, Marcus, Henrike, Di, Susanne, Ann-Charlotte, Rebecka, Maya, Matthijs, 
Elin, Kostas, Pasha, Manideep, Eva, Adolfo, Yvonne, Song, Carmelo, Roberto, Ania, Fabiola and 
Maria, thank you for making such an amazing place to work, which it not easy to find somewhere 
else! 
 
  31 
I would also like to say thanks to Anders for all the technical help, and to Nora, who knows to give 
people positive energy every day with her simple and kind words! 
 
My Iranian friends, in Iran, Fuji, Elham, Minoosh, Maryam and Simin, Thanks for those good 
memories, encouragement and friendship; and in Sweden, Roshan, Fahimeh, Yasaman and 
Mastooreh, Haleh for all your kindness. 
 
My mother and father, you both wished to see this day, I always feel you are here with me! Thank you 
for all your guidance, your endless love and support! I was so lucky having you as parents, miss you 
so much! 
 
To my sisters, Ladan and Parisa and my brother, Fariborz, thank you for every day support and 
kindness, we are just far from distance, but not in heart! 
 
The last but the most important, to say thanks to you, my beloved husband, Kambiz for your 
unconditional love and also for your patience especially during these four years. My Son, all the 
happiness I have is because of you. So proud having you, my happy boy, David!! I dedicate to you 
what I have especially my last thesis! I love you with all my heart.  
 
 
 
  
  32 
7. REFERENCES 
 
Abbott, N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R. and Begley, D. J. (2010). Structure 
and function of the blood-brain barrier. Neurobiol Dis, 37, 13-25. 
Adrio, F., Anadon, R. and Rodriguez-Moldes, I. (1999). Distribution of serotonin (5HT)-
immunoreactive structures in the central nervous system of two chondrostean species 
(Acipenser baeri and Huso huso). J Comp Neurol, 407, 333-348. 
Agduhr, E. (1922). Uber ein zentrales sinnesorgan (?) bei den vertebraten. . Z Anat Entwicki-Gesch, 
66, 223-360. 
Bagriantsev, S. N., Gracheva, E. O. and Gallagher, P. G. (2014). Piezo proteins: regulators of 
mechanosensation and other cellular processes. J Biol Chem, 289, 31673-31681. 
Ball, S. G. (2007). Vasopressin and disorders of water balance: the physiology and pathophysiology 
of vasopressin. Ann Clin Biochem, 44, 417-431. 
Barreiro-Iglesias, A., Villar-Cervino, V., Anadon, R. and Rodicio, M. C. (2008). Descending brain-
spinal cord projections in a primitive vertebrate, the lamprey: cerebrospinal fluid-contacting 
and dopaminergic neurons. J Comp Neurol, 511, 711-723. 
Böhm, U. L., Prendergast, A., Djenoune, L., Nunes Figueiredo, S., Gomez, J., Stokes, C., Kaiser, S., 
Suster, M., Kawakami, K., Charpentier, M., Concordet, J. P., Rio, J. P., Del Bene, F. and 
Wyart, C. (2016). CSF-contacting neurons regulate locomotion by relaying mechanical 
stimuli to spinal circuits. Nat Commun, 7, 10866. 
Brazeau, P., Vale, W., Burgus, R., Ling, N., Butcher, M., Rivier, J. and Guillemin, R. (1973). 
Hypothalamic polypeptide that inhibits the secretion of immunoreactive pituitary growth 
hormone. Science, 179, 77-79. 
Broberger, C. (2005). Brain regulation of food intake and appetite: molecules and networks. J 
Intern Med, 258, 301-327. 
Brodin, L., Dale, N., Christenson, J., Storm-Mathisen, J., Hökfelt, T. and Grillner, S. (1990a). Three 
types of GABA-immunoreactive cells in the lamprey spinal cord. Brain Res, 508, 172-175. 
Brodin, L., Theodorsson, E., Christenson, J., Cullheim, S., Hökfelt, T., Brown, J. C., Buchan, A., 
Panula, P., Verhofstad, A. A. and Goldstein, M. (1990b). Neurotensin-like Peptides in the 
CNS of Lampreys: Chromatographic Characterization and Immunohistochemical 
Localization with Reference to Aminergic Markers. Eur J Neurosci, 2, 1095-1109. 
Brohawn, S. G. (2015). How ion channels sense mechanical force: insights from mechanosensitive 
K2P channels TRAAK, TREK1, and TREK2. Ann N Y Acad Sci, 1352, 20-32. 
Buchanan, J. T. and Grillner, S. (1987). Newly identified 'glutamate interneurons' and their role in 
locomotion in the lamprey spinal cord. Science, 236, 312-314. 
Bushman, J. D., Ye, W. and Liman, E. R. (2015). A proton current associated with sour taste: 
distribution and functional properties. FASEB J, 29, 3014-3026. 
Cangiano, L., Hill, R. H. and Grillner, S. (2012). The hemisegmental locomotor network revisited. 
Neuroscience, 210, 33-37. 
Casey, J. R., Grinstein, S. and Orlowski, J. (2010). Sensors and regulators of intracellular pH. Nat 
Rev Mol Cell Biol, 11, 50-61. 
Chen, J. C. and Chesler, M. (1990). A bicarbonate-dependent increase in extracellular pH mediated 
by GABAA receptors in turtle cerebellum. Neurosci Lett, 116, 130-135. 
Chen, P., Wu, J. Z., Zhao, J., Wang, P., Luo, J., Yang, W. and Liu, X. D. (2015). PKD2L1/PKD1L3 
channel complex with an alkali-activated mechanism and calcium-dependent inactivation. 
Eur Biophys J, 44, 483-492. 
Chesler, M. (1986). Regulation of intracellular pH in reticulospinal neurones of the lamprey, 
Petromyzon marinus. J Physiol, 381, 241-261. 
Chesler, M. (2003). Regulation and modulation of pH in the brain. Physiol Rev, 83, 1183-1221. 
Chesler, M. and Kaila, K. (1992). Modulation of pH by neuronal activity. Trends Neurosci, 15, 396-
402. 
Chesler, M. and Kraig, R. P. (1987). Intracellular pH of astrocytes increases rapidly with cortical 
stimulation. Am J Physiol, 253, R666-R670. 
Christenson, J., Alford, S., Grillner, S. and Hokfelt, T. (1991). Co-localized GABA and 
somatostatin use different ionic mechanisms to hyperpolarize target neurons in the lamprey 
  33 
spinal cord. Neurosci Lett, 134, 93-97. 
Corio, M., Thibault, J. and Peute, J. (1992). Distribution of catecholaminergic and serotoninergic 
systems in forebrain and midbrain of the newt, Triturus alpestris (Urodela). Cell Tissue Res, 
268, 377-387. 
Coste, B., Mathur, J., Schmidt, M., Earley, T. J., Ranade, S., Petrus, M. J., Dubin, A. E. and 
Patapoutian, A. (2010). Piezo1 and Piezo2 are essential components of distinct 
mechanically activated cation channels. Science, 330, 55-60. 
Coste, B., Xiao, B., Santos, J. S., Syeda, R., Grandl, J., Spencer, K. S., Kim, S. E., Schmidt, M., 
Mathur, J., Dubin, A. E., Montal, M. and Patapoutian, A. (2012). Piezo proteins are pore-
forming subunits of mechanically activated channels. Nature, 483, 176-181. 
Dale, N., Roberts, A., Ottersen, O. P. and Storm-Mathisen, J. (1987a). The morphology and 
distribution of 'Kolmer-Agduhr cells', a class of cerebrospinal-fluid-contacting neurons 
revealed in the frog embryo spinal cord by GABA immunocytochemistry. Proc R Soc Lond 
B Biol Sci, 232, 193-203. 
Dale, N., Roberts, A., Ottersen, O. P. and Storm-Mathisen, J. (1987b). The development of a 
population of spinal cord neurons and their axonal projections revealed by GABA 
immunocytochemistry in frog embryos. Proc R Soc Lond B Biol Sci, 232, 205-215. 
Delmas, P., Hao, J. and Rodat-Despoix, L. (2011). Molecular mechanisms of mechanotransduction 
in mammalian sensory neurons. Nat Rev Neurosci, 12, 139-153. 
Deyev, I. E., Sohet, F., Vassilenko, K. P., Serova, O. V., Popova, N. V., Zozulya, S. A., Burova, E. 
B., Houillier, P., Rzhevsky, D. I., Berchatova, A. A., Murashev, A. N., Chugunov, A. O., 
Efremov, R. G., Nikol'sky, N. N., Bertelli, E., Eladari, D. and Petrenko, A. G. (2011). 
Insulin receptor-related receptor as an extracellular alkali sensor. Cell Metab, 13, 679-689. 
Dimicco, J. A. and Zaretsky, D. V. (2007). The dorsomedial hypothalamus: a new player in 
thermoregulation. Am J Physiol Regul Integr Comp Physiol, 292, R47-R63. 
Djenoune, L., Khabou, H., Joubert, F., Quan, F. B., Nunes Figueiredo, S., Bodineau, L., Del Bene, 
F., Burckle, C., Tostivint, H. and Wyart, C. (2014). Investigation of spinal cerebrospinal 
fluid-contacting neurons expressing PKD2L1: evidence for a conserved system from fish to 
primates. Front Neuroanat, 8, 26. 
Donovan, B. T. (1974). The role of the hypothalamus in puberty. Prog Brain Res, 41, 239-253. 
Enyedi, P. and Czirjak, G. (2010). Molecular background of leak K+ currents: two-pore domain 
potassium channels. Physiol Rev, 90, 559-605. 
Ericsson, J., Silberberg, G., Robertson, B., Wikström, M. A. and Grillner, S. (2011). Striatal cellular 
properties conserved from lampreys to mammals. J Physiol, 589, 2979-2992. 
Ericsson, J., Stephenson-Jones, M., Kardamakis, A., Robertson, B., Silberberg, G. and Grillner, S. 
(2013a). Evolutionarily conserved differences in pallial and thalamic short-term synaptic 
plasticity in striatum. J Physiol, 591, 859-874. 
Ericsson, J., Stephenson-Jones, M., Perez-Fernandez, J., Robertson, B., Silberberg, G. and Grillner, 
S. (2013b). Dopamine differentially modulates the excitability of striatal neurons of the 
direct and indirect pathways in lamprey. J Neurosci, 33, 8045-8054. 
Fidelin, K., Djenoune, L., Stokes, C., Prendergast, A., Gomez, J., Baradel, A., Del Bene, F. and 
Wyart, C. (2015). State-Dependent Modulation of Locomotion by GABAergic Spinal 
Sensory Neurons. Curr Biol, 25, 3035-3047. 
Garty, H. and Palmer, L. G. (1997). Epithelial sodium channels: function, structure, and regulation. 
Physiol Rev, 77, 359-396. 
Gonzalez, G. C. and Lederis, K. (1988). Sauvagine-like and corticotropin-releasing factor-like 
immunoreactivity in the brain of the bullfrog (Rana catesbeiana). Cell Tissue Res, 253, 29-
37. 
Grillner, S. (1985). Neurobiological bases of rhythmic motor acts in vertebrates. Science, 228, 143-
149. 
Grillner, S. (2003). The motor infrastructure: from ion channels to neuronal networks. Nat Rev 
Neurosci, 4, 573-586. 
Grillner, S., Ekeberg, El Manira, A., Lansner, A., Parker, D., Tegnér, J. and Wallén, P. (1998). 
Intrinsic function of a neuronal network - a vertebrate central pattern generator. Brain Res 
Brain Res Rev, 26, 184-197. 
Grillner, S. and Matsushima, T. (1991). The neural network underlying locomotion in lamprey--
synaptic and cellular mechanisms. Neuron, 7, 1-15. 
  34 
Grillner, S., McClellan, A. and Perret, C. (1981). Entrainment of the spinal pattern generators for 
swimming by mechano-sensitive elements in the lamprey spinal cord in vitro. Brain Res, 
217, 380-386. 
Grillner, S., McClellan, A. and Sigvardt, K. (1982). Mechanosensitive neurons in the spinal cord of 
the lamprey. Brain Res, 235, 169-173. 
Grillner, S., Williams, T. and Lagerbäck, P. A. (1984). The edge cell, a possible intraspinal 
mechanoreceptor. Science, 223, 500-503. 
Hamm, L. L., Nakhoul, N. and Hering-Smith, K. S. (2015). Acid-Base Homeostasis. Clin J Am Soc 
Nephrol, 10, 2232-2242. 
Hanaoka, K., Qian, F., Boletta, A., Bhunia, A. K., Piontek, K., Tsiokas, L., Sukhatme, V. P., 
Guggino, W. B. and Germino, G. G. (2000). Co-assembly of polycystin-1 and -2 produces 
unique cation-permeable currents. Nature, 408, 990-994. 
Heisler, N. (1986). Comparative aspects of acid-base regulation. In: Acid-base regulation in 
animals, ed. N. Heisler. Amsterdam:Elsevier. p. 397-450. 
Hirunagi, K., Hasegawa, M., Vigh, B. and Vigh-Teichmann, I. (1992). Immunocytochemical 
demonstration of serotonin-immunoreactive cerebrospinal fluid-contacting neurons in the 
paraventricular organ of pigeons and domestic chickens. Prog Brain Res, 91, 327-330. 
Hofman, M. A. and Swaab, D. F. (1993). Diurnal and seasonal rhythms of neuronal activity in the 
suprachiasmatic nucleus of humans. J Biol Rhythms, 8, 283-295. 
Holzer, P. (2009). Acid-sensitive ion channels and receptors. Handb Exp Pharmacol, 283-332. 
Homburg, R., Potashnik, G., Lunenfeld, B. and Insler, V. (1976). The hypothalamus as a regulator 
of reproductive function. Obstet Gynecol Surv, 31, 455-471. 
Hsu, L. J., Zelenin, P. V., Grillner, S., Orlovsky, G. N. and Deliagina, T. G. (2013). Intraspinal 
stretch receptor neurons mediate different motor responses along the body in lamprey. J 
Comp Neurol, 521, 3847-3862. 
Huang, A. L., Chen, X., Hoon, M. A., Chandrashekar, J., Guo, W., Trankner, D., Ryba, N. J. and 
Zuker, C. S. (2006). The cells and logic for mammalian sour taste detection. Nature, 442, 
934-938. 
Hubbard, J. M., Böhm, U. L., Prendergast, A., Tseng, P. B., Newman, M., Stokes, C. and Wyart, C. 
(2016). Intraspinal Sensory Neurons Provide Powerful Inhibition to Motor Circuits 
Ensuring Postural Control during Locomotion. Curr Biol, 26, 2841-2853. 
Inada, H., Kawabata, F., Ishimaru, Y., Fushiki, T., Matsunami, H. and Tominaga, M. (2008). Off-
response property of an acid-activated cation channel complex PKD1L3-PKD2L1. EMBO 
Rep, 9, 690-697. 
Ishimaru, Y., Inada, H., Kubota, M., Zhuang, H., Tominaga, M. and Matsunami, H. (2006). 
Transient receptor potential family members PKD1L3 and PKD2L1 form a candidate sour 
taste receptor. Proc Natl Acad Sci U S A, 103, 12569-12574. 
Kolmer, W. (1921). Das '' sagittalorgan'' der wirbeltiere. Z Anat Entwicki-Gesch, 60, 652-717. 
Korf, H. W., Simon-Oppermann, C. and Simon, E. (1982). Afferent connections of physiologically 
identified neuronal complexes in the paraventricular nucleus of conscious Pekin ducks 
involved in regulation of salt- and water-balance. Cell Tissue Res, 226, 275-300. 
Kung, C. (2005). A possible unifying principle for mechanosensation. Nature, 436, 647-654. 
Levin, L. R. and Buck, J. (2015). Physiological roles of acid-base sensors. Annu Rev Physiol, 77, 
347-362. 
Li, W. G. and Xu, T. L. (2011). ASIC3 channels in multimodal sensory perception. ACS Chem 
Neurosci, 2, 26-37. 
Liguz-Lecznar, M., Urban-Ciecko, J. and Kossut, M. (2016). Somatostatin and Somatostatin-
Containing Neurons in Shaping Neuronal Activity and Plasticity. Front Neural Circuits, 10, 
48. 
Lin, S. H., Cheng, Y. R., Banks, R. W., Min, M. Y., Bewick, G. S. and Chen, C. C. (2016). 
Evidence for the involvement of ASIC3 in sensory mechanotransduction in proprioceptors. 
Nat Commun, 7, 11460. 
Lingueglia, E. (2007). Acid-sensing ion channels in sensory perception. J Biol Chem, 282, 17325-
17329. 
Ludwig, M. G., Vanek, M., Guerini, D., Gasser, J. A., Jones, C. E., Junker, U., Hofstetter, H., Wolf, 
R. M. and Seuwen, K. (2003). Proton-sensing G-protein-coupled receptors. Nature, 425, 
93-98. 
  35 
Magistretti, P. J. and Allaman, I. (2015). A cellular perspective on brain energy metabolism and 
functional imaging. Neuron, 86, 883-901. 
Marichal, N., Garcia, G., Radmilovich, M., Trujillo-Cenoz, O. and Russo, R. E. (2009). Enigmatic 
central canal contacting cells: immature neurons in "standby mode"? J Neurosci, 29, 10010-
10024. 
Matsumae, M., Sato, O., Hirayama, A., Hayashi, N., Takizawa, K., Atsumi, H. and Sorimachi, T. 
(2016). Research into the Physiology of Cerebrospinal Fluid Reaches a New Horizon: 
Intimate Exchange between Cerebrospinal Fluid and Interstitial Fluid May Contribute to 
Maintenance of Homeostasis in the Central Nervous System. Neurol Med Chir (Tokyo), 56, 
416-441. 
Medhurst, A. D., Rennie, G., Chapman, C. G., Meadows, H., Duckworth, M. D., Kelsell, R. E., 
Gloger, II and Pangalos, M. N. (2001). Distribution analysis of human two pore domain 
potassium channels in tissues of the central nervous system and periphery. Brain Res Mol 
Brain Res, 86, 101-114. 
Meng, Q. Y., Wang, W., Chen, X. N., Xu, T. L. and Zhou, J. N. (2009). Distribution of acid-sensing 
ion channel 3 in the rat hypothalamus. Neuroscience, 159, 1126-1134. 
Menzaghi, F., Heinrichs, S. C., Pich, E. M., Weiss, F. and Koob, G. F. (1993). The role of limbic 
and hypothalamic corticotropin-releasing factor in behavioral responses to stress. Ann N Y 
Acad Sci, 697, 142-154. 
Mimnagh, K. M., Bolaffi, J. L., Montgomery, N. M. and Kaltenbach, J. C. (1987). Thyrotropin-
releasing hormone (TRH): immunohistochemical distribution in tadpole and frog brain. Gen 
Comp Endocrinol, 66, 394-404. 
Molliver, D. C., Immke, D. C., Fierro, L., Pare, M., Rice, F. L. and McCleskey, E. W. (2005). 
ASIC3, an acid-sensing ion channel, is expressed in metaboreceptive sensory neurons. Mol 
Pain, 1, 35. 
Murayama, T. and Maruyama, I. N. (2015). Alkaline pH sensor molecules. J Neurosci Res, 93, 
1623-1630. 
Nakai, Y., Shioda, S., Tashiro, N. and Honma, Y. (1979). Fine structures of the cerebrospinal fluid-
contacting neurons in the hypothalamus of the lamprey, Lampetra japonica. Arch Histol 
Jpn, 42, 337-353. 
Nikinmaa, M., Kunnamo-Ojala, T. and Railo, E. (1986). Mechanisms of pH regulation in lamprey 
(Lampetra fluviatilis) red blood cells. J Exp Biol, 122, 355-367. 
Ocaña, F. M., Suryanarayana, S. M., Saitoh, K., Kardamakis, A. A., Capantini, L., Robertson, B. 
and Grillner, S. (2015). The lamprey pallium provides a blueprint of the mammalian motor 
projections from cortex. Curr Biol, 25, 413-423. 
Orts-Del'Immagine, A., Seddik, R., Tell, F., Airault, C., Er-Raoui, G., Najimi, M., Trouslard, J. and 
Wanaverbecq, N. (2016). A single polycystic kidney disease 2-like 1 channel opening acts 
as a spike generator in cerebrospinal fluid-contacting neurons of adult mouse brainstem. 
Neuropharmacology, 101, 549-565. 
Orts-Del'immagine, A., Wanaverbecq, N., Tardivel, C., Tillement, V., Dallaporta, M. and 
Trouslard, J. (2012). Properties of subependymal cerebrospinal fluid contacting neurones in 
the dorsal vagal complex of the mouse brainstem. J Physiol, 590, 3719-3741. 
Pappenheimer, J. R., Miller, T. B. and Goodrich, C. A. (1967). Sleep-promoting effects of 
cerebrospinal fluid from sleep-deprived goats. Proc Natl Acad Sci U S A, 58, 513-517. 
Parent, A. and Northcutt, R. G. (1982). The monoamine-containing neurons in the brain of the 
garfish, Lepisosteus osseus. Brain Res Bull, 9, 189-204. 
Perez-Fernandez, J., Stephenson-Jones, M., Suryanarayana, S. M., Robertson, B. and Grillner, S. 
(2014). Evolutionarily conserved organization of the dopaminergic system in lamprey: 
SNc/VTA afferent and efferent connectivity and D2 receptor expression. J Comp Neurol, 
522, 3775-3794. 
Price, M. P., McIlwrath, S. L., Xie, J., Cheng, C., Qiao, J., Tarr, D. E., Sluka, K. A., Brennan, T. J., 
Lewin, G. R. and Welsh, M. J. (2001). The DRASIC cation channel contributes to the 
detection of cutaneous touch and acid stimuli in mice. Neuron, 32, 1071-1083. 
Ramón Y Cajal, S. (1890). Sur l'origine et les ramifications des fibres nerveuses de la moelle 
embryonnaire. Anat Anz, 5, 111-119. 
Rehncrona, S. (1985). Brain acidosis. Ann Emerg Med, 14, 770-776. 
Retzius, G. (1893). Studien uber Ependym und Neuroglia. Biol Untersuch, 5, 9-26. 
  36 
Reichenbach, A. and Robinson, S. R. (1995). Ependymoglia and ependymoglia-like cells. In: 
Kettenmann H, Ransom B, editors. Neuroglia, New York: Oxford University Press. P 58-
84. 
Robertson, B., Huerta-Ocampo, I., Ericsson, J., Stephenson-Jones, M., Perez-Fernandez, J., Bolam, 
J. P., Diaz-Heijtz, R. and Grillner, S. (2012). The dopamine D2 receptor gene in lamprey, 
its expression in the striatum and cellular effects of D2 receptor activation. PLoS One, 7, 
e35642. 
Rodicio, M. C., Villar-Cervino, V., Barreiro-Iglesias, A. and Anadon, R. (2008). Colocalization of 
dopamine and GABA in spinal cord neurones in the sea lamprey. Brain Res Bull, 76, 45-49. 
Rodriguez, E. M., Oksche, A., Hein, S. and Yulis, C. R. (1992). Cell biology of the subcommissural 
organ. Int Rev Cytol, 135, 39-121. 
Rovainen, C. M. (1967). Physiological and anatomical studies on large neurons of central nervous 
system of the sea lamprey (Petromyzon marinus). II. Dorsal cells and giant interneurons. J 
Neurophysiol, 30, 1024-1042. 
Rovainen, C. M. (1974). Synaptic interactions of identified nerve cells in the spinal cord of the sea 
lamprey. J Comp Neurol, 154, 189-206. 
Russo, R. E., Fernandez, A., Reali, C., Radmilovich, M. and Trujillo-Cenoz, O. (2004). Functional 
and molecular clues reveal precursor-like cells and immature neurons in the turtle spinal 
cord. J Physiol, 560, 831-838. 
Ruusuvuori, E. and Kaila, K. (2014). Carbonic anhydrases and brain pH in the control of neuronal 
excitability. Subcell Biochem, 75, 271-290. 
Salinas, M., Lazdunski, M. and Lingueglia, E. (2009). Structural elements for the generation of 
sustained currents by the acid pain sensor ASIC3. J Biol Chem, 284, 31851-31859. 
Saper, C. B., Chou, T. C. and Elmquist, J. K. (2002). The need to feed: homeostatic and hedonic 
control of eating. Neuron, 36, 199-211. 
Saper, C. B., Scammell, T. E. and Lu, J. (2005). Hypothalamic regulation of sleep and circadian 
rhythms. Nature, 437, 1257-1263. 
Schalper, K. A., Sanchez, H. A., Lee, S. C., Altenberg, G. A., Nathanson, M. H. and Saez, J. C. 
(2010). Connexin 43 hemichannels mediate the Ca2+ influx induced by extracellular 
alkalinization. Am J Physiol Cell Physiol, 299, C1504-C1515. 
Schindler, M., Sellers, L. A., Humphrey, P. P. and Emson, P. C. (1997). Immunohistochemical 
localization of the somatostatin SST2 (A) receptor in the rat brain and spinal cord. 
Neuroscience, 76, 225-240. 
Schmitt, D. E., Hill, R. H. and Grillner, S. (2004). The spinal GABAergic system is a strong 
modulator of burst frequency in the lamprey locomotor network. J Neurophysiol, 92, 2357-
2367. 
Schotland, J. L., Shupliakov, O., Grillner, S. and Brodin, L. (1996). Synaptic and nonsynaptic 
monoaminergic neuron systems in the lamprey spinal cord. J Comp Neurol, 372, 229-244. 
Shimizu, T., Higuchi, T., Fujii, T., Nilius, B. and Sakai, H. (2011). Bimodal effect of alkalization on 
the polycystin transient receptor potential channel, PKD2L1. Pflugers Arch, 461, 507-513. 
Shimosegawa, T., Koizumi, M., Toyota, T., Goto, Y., Yanaihara, C. and Yanaihara, N. (1986). An 
immunohistochemical study of methionine-enkephalin-Arg6-Gly7-Leu8-like 
immunoreactivity-containing liquor-contacting neurons (LCNs) in the rat spinal cord. Brain 
Res, 379, 1-9. 
Shupliakov, O., Brodin, L., Srinivasan, M., Grillner, S., Cullheim, S., Storm-Mathisen, J. and 
Ottersen, O. P. (1994). Extrasynaptic localization of taurine-like immunoreactivity in the 
lamprey spinal cord. J Comp Neurol, 347, 301-311. 
Siesjö, B. K., von Hanwehr, R., Nergelius, G., Nevander, G. and Ingvar, M. (1985). Extra- and 
intracellular pH in the brain during seizures and in the recovery period following the arrest 
of seizure activity. J Cereb Blood Flow Metab, 5, 47-57. 
Stephenson-Jones, M., Ericsson, J., Robertson, B. and Grillner, S. (2012). Evolution of the basal 
ganglia: dual-output pathways conserved throughout vertebrate phylogeny. J Comp Neurol, 
520, 2957-2973. 
Stephenson-Jones, M., Kardamakis, A. A., Robertson, B. and Grillner, S. (2013). Independent 
circuits in the basal ganglia for the evaluation and selection of actions. Proc Natl Acad Sci 
U S A, 110, E3670-3679. 
Stephenson-Jones, M., Samuelsson, E., Ericsson, J., Robertson, B. and Grillner, S. (2011). 
  37 
Evolutionary conservation of the basal ganglia as a common vertebrate mechanism for 
action selection. Curr Biol, 21, 1081-1091. 
Sukharev, S. and Corey, D. P. (2004). Mechanosensitive channels: multiplicity of families and 
gating paradigms. Sci STKE, 2004, re4. 
Tegnér, J., Matsushima, T., el Manira, A. and Grillner, S. (1993). The spinal GABA system 
modulates burst frequency and intersegmental coordination in the lamprey: differential 
effects of GABAA and GABAB receptors. J Neurophysiol, 69, 647-657. 
Trujillo-Cenóz, O., Fernandez, A., Radmilovich, M., Reali, C. and Russo, R. E. (2007). Cytological 
organization of the central gelatinosa in the turtle spinal cord. J Comp Neurol, 502, 291-
308. 
Ugawa, S., Minami, Y., Guo, W., Saishin, Y., Takatsuji, K., Yamamoto, T., Tohyama, M. and 
Shimada, S. (1998). Receptor that leaves a sour taste in the mouth. Nature, 395, 555-556. 
Ugawa, S., Ueda, T., Ishida, Y., Nishigaki, M., Shibata, Y. and Shimada, S. (2002). Amiloride-
blockable acid-sensing ion channels are leading acid sensors expressed in human 
nociceptors. J Clin Invest, 110, 1185-1190. 
Vallarino, M. (1987). Immunocytochemical evidence for alpha-melanocyte-stimulating hormone in 
the hypothalamus of the frog Rana esculenta. Cell Tissue Res, 248, 559-563. 
Venkatachalam, K. and Montell, C. (2007). TRP channels. Annu Rev Biochem, 76, 387-417. 
Venton, B. J., Michael, D. J. and Wightman, R. M. (2003). Correlation of local changes in 
extracellular oxygen and pH that accompany dopaminergic terminal activity in the rat 
caudate-putamen. J Neurochem, 84, 373-381. 
Viana Di Prisco, G., Wallén, P. and Grillner, S. (1990). Synaptic effects of intraspinal stretch 
receptor neurons mediating movement-related feedback during locomotion. Brain Res, 530, 
161-166. 
Vigh, B., Manzano e Silva, M. J., Frank, C. L., Vincze, C., Czirok, S. J., Szabo, A., Lukats, A. and 
Szel, A. (2004). The system of cerebrospinal fluid-contacting neurons. It’s supposed role in 
the nonsynaptic signal transmission of the brain. Histol Histopathol, 19, 607-628. 
Vigh, B., Teichmann, I. and Aros, B. (1969). [The paraventricular organ and liquor contact-neuron 
system]. Verh Anat Ges, 63, 683-688. 
Vigh, B. and Vigh-Teichmann, I. (1971). Structure of the medullo-spinal liquor-contacting neuronal 
system. Acta Biol Acad Sci Hung, 22, 227-243. 
Vigh, B. and Vigh-Teichmann, I. (1973). Comparative ultrastructure of the cerebrospinal fluid-
contacting neurons. Int Rev Cytol, 35, 189-251. 
Vigh, B. and Vigh-Teichmann, I. (1998). Actual problems of the cerebrospinal fluid-contacting 
neurons. Microsc Res Tech, 41, 57-83. 
Vigh, B., Vigh-Teichmann, I. and Aros, B. (1974). Intraependymal cerebrospinal fluid contacting 
neurons and axon terminals on the external surface in the filum terminale of the carp 
(Cyprinus carpio). Cell Tissue Res, 148, 359-370. 
Vigh, B., Vigh-Teichmann, I. and Aros, B. (1977). Special dendritic and axonal endings formed by 
the cerebrospinal fluid contacting neurons of the spinal cord. Cell Tissue Res, 183, 541-552. 
Vigh-Teichmann, I. and Vigh, B. (1979). A comparison of epithalamic, hypothalamic and spinal 
neurosecretory terminals. Acta Biol Acad Sci Hung, 30, 1-39. 
Vigh-Teichmann, I. and Vigh, B. (1983). The system of cerebrospinal fluid-contacting neurons. 
Arch Histol Jpn, 46, 427-468. 
Villar-Cervino, V., Barreiro-Iglesias, A., Anadon, R. and Rodicio, M. C. (2008). Aspartate 
immunoreactivity in the telencephalon of the adult sea lamprey: comparison with GABA 
immunoreactivity. Brain Res Bull, 75, 246-250. 
Vinay, L., Barthe, J. Y. and Grillner, S. (1996). Central modulation of stretch receptor neurons 
during fictive locomotion in lamprey. J Neurophysiol, 76, 1224-1235. 
Waldmann, R., Bassilana, F., de Weille, J., Champigny, G., Heurteaux, C. and Lazdunski, M. 
(1997). Molecular cloning of a non-inactivating proton-gated Na+ channel specific for 
sensory neurons. J Biol Chem, 272, 20975-20978. 
Wallén, P. and Williams, T. L. (1984). Fictive locomotion in the lamprey spinal cord in vitro 
compared with swimming in the intact and spinal animal. J Physiol, 347, 225-239. 
Wang, Q. P. and Nakai, Y. (1994). The dorsal raphe: an important nucleus in pain modulation. 
Brain Res Bull, 34, 575-585. 
Wang, T. and Jackson, D. C. (2016). How and why pH changes with body temperature: the alpha-
  38 
stat hypothesis. J Exp Biol, 219, 1090-1092. 
Wang, W., Yu, Y. and Xu, T. L. (2007). Modulation of acid-sensing ion channels by Cu (2+) in 
cultured hypothalamic neurons of the rat. Neuroscience, 145, 631-641. 
Wemmie, J. A. (2011). Neurobiology of panic and pH chemosensation in the brain. Dialogues Clin 
Neurosci, 13, 475-483. 
Wemmie, J. A., Chen, J., Askwith, C. C., Hruska-Hageman, A. M., Price, M. P., Nolan, B. C., 
Yoder, P. G., Lamani, E., Hoshi, T., Freeman, J. H., Jr. and Welsh, M. J. (2002). The acid-
activated ion channel ASIC contributes to synaptic plasticity, learning, and memory. 
Neuron, 34, 463-477. 
Wickelgren, W. O. (1977). Physiological and anatomical characteristics of reticulospinal neurones 
in lamprey. J Physiol, 270, 89-114. 
Woo, S. H., Ranade, S., Weyer, A. D., Dubin, A. E., Baba, Y., Qiu, Z., Petrus, M., Miyamoto, T., 
Reddy, K., Lumpkin, E. A., Stucky, C. L. and Patapoutian, A. (2014). Piezo2 is required for 
Merkel-cell mechanotransduction. Nature, 509, 622-626. 
Wright, G. M. (1986). Immunocytochemical demonstration of growth hormone, prolactin and 
somatostatin-like immunoreactivities in the brain of larval, young adult and upstream 
migrant adult sea lamprey, Petromyzon marinus. Cell Tissue Res, 246, 23-31. 
Wyart, C., Del Bene, F., Warp, E., Scott, E. K., Trauner, D., Baier, H. and Isacoff, E. Y. (2009). 
Optogenetic dissection of a behavioural module in the vertebrate spinal cord. Nature, 461, 
407-410. 
Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., O'Donnell, J., Christensen, D. J., 
Nicholson, C., Iliff, J. J., Takano, T., Deane, R. and Nedergaard, M. (2013). Sleep drives 
metabolite clearance from the adult brain. Science, 342, 373-377. 
Yagi, J., Wenk, H. N., Naves, L. A. and McCleskey, E. W. (2006). Sustained currents through 
ASIC3 ion channels at the modest pH changes that occur during myocardial ischemia. Circ 
Res, 99, 501-509. 
Yanez, J., Rodriguez-Moldes, I. and Anadon, R. (1992). Distribution of somatostatin-
immunoreactivity in the brain of the larval lamprey (Petromyzon marinus). J Chem 
Neuroanat, 5, 511-520. 
Zeng, W. Z. and Xu, T. L. (2012). Proton production, regulation and pathophysiological roles in the 
mammalian brain. Neurosci Bull, 28, 1-13. 
 
